Introduction {#Sec1}
============

Pyrite (FeS~2~) is the most abundant sulfide mineral on earth and is found in most mining environments. It is frequently associated with coals and Cu, Co, Ni and Zn sulfide ores. Its oxidation is usually undesirable in commercial processes such as net acid generating bio-heaps, coal and petroleum refining, an environmental issue known as acid mine drainage (AMD). Consequently, understanding the dissolution mechanism and the role of bacteria in pyrite oxidation is necessary for commercial applications and environmental protection.

Great efforts have been made in recent decades to understand the mechanisms and kinetics of pyrite oxidation in both abiotic and biotic systems^[@CR1]--[@CR9]^. Currently, the thiosulfate pathway with a rate-determining reaction controlled by electrochemical processes is the most likely mechanism of pyrite oxidation in both abiotic and biotic systems^[@CR6],\ [@CR10]--[@CR15]^. As expected for an electrochemically controlled process, the solution redox potential is an important parameter and is directly correlated with the oxidation rate^[@CR2],\ [@CR16]--[@CR20]^. Sun *et al*.^[@CR20]^ found that the pyrite dissolution rate decreased fivefold, if the redox potential was decreased by 100 mV and pyrite dissolution was less than 1.9% in 151 hours at 700 mV and 30 °C.

There has been a long-standing debate about the role played by microorganisms in pyrite bioleaching since the seminal study by Silverman and Ehrlich^[@CR21]^. For the first time they explained the metal sulfide oxidation by two pathways: the direct and the indirect mechanism. However, the indirect mechanism has gradually been accepted^[@CR1],\ [@CR10]--[@CR13],\ [@CR16],\ [@CR22]--[@CR28]^. Sand *et al*.^[@CR23],\ [@CR29]^ further developed the idea of the "indirect mechanism" into "non-contact leaching" and "contact leaching", by which the roles played by planktonic (free floating) and sessile (anchored) microorganisms were described, respectively. In "non-contact leaching", pyrite is oxidized by ferric ions resulting in the generation of ferrous ions and various forms of sulfur compounds (Eq. [2](#Equ2){ref-type=""}). The ferric ions could be regenerated by planktonic iron-oxidizing microbes that act as electron sink re-oxidizing the ferrous ions (Eq. [1](#Equ1){ref-type=""}) causing a high solution potential:$$\documentclass[12pt]{minimal}
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Extracellular polymeric substances (EPS) are defined as "organic polymers of microbial origin which in biofilm systems are responsible for binding cells and other particulate material together (cohesion) and to the substratum (adhesion)". "Contact leaching" occurs if sessile cells are adhering to the pyrite surface, with the extracellular polymeric substances (EPS) also serving as the reaction space for the oxidation of ferrous ions and dissolution of pyrite by ferric ions. However, this process is not completely understood^[@CR30]^. The EPS are thought to contain ferric glucuronic acid complexes, and in addition cell-sized pits are observed on the pyrite surface, which are considered as evidence of "contact leaching"^[@CR31]--[@CR33]^. However, in these studies the solution redox potential is not reported, and the ferric concentration is high in the solution environment, which does not eliminate the effect of "non-contact leaching" on pyrite oxidation. In addition, the cell-sized corrosive pits could also form due to the chemical attack on the pyrite surface through the "non-contact leaching" process. Crundwell and Fowler compared the kinetics of pyrite oxidation with or without bacteria with the aid of an electrochemical apparatus controlling the redox potential at 800 or 850 mV^[@CR11],\ [@CR13],\ [@CR34]^. They reported that the presence of bacteria on the pyrite surface altered the pH at the pyrite surface, hence an increase in the oxidation rate.

However, up to date, few studies have been conducted to investigate pyrite bioleaching at or below the rest potential of pyrite (650 mV). Under these conditions the effect of "non-contact leaching" on the pyrite oxidation is eliminated and only the "contact leaching" of pyrite by sessile bacteria is investigated. One of the difficulties inherent in this study was maintaining the solution redox potential below the rest potential of pyrite throughout the entire leaching process in the presence of highly active bacteria. Mixed iron-oxidizing mesophilic microorganisms were used in this study, since their enhanced adsorption characteristics were demonstrated in the previous studies^[@CR35],\ [@CR36]^. In order to keep the solution potential below 650 mV, the leaching solution was changed after 24 h leaching every day. The control experiments with different medium and non-controlled potential were performed to assist in demonstrating the role of sessile bacteria in pyrite bioleaching. The variation in pyrite dissolution and the solution-redox potential were recorded over time. Bacterial distribution on the pyrite surface and any surface changes resulting from bacterial leaching were investigated via scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM). The conclusions provide useful theoretical support for heap bio-oxidation of pyrite and control of acid mine drainage.

Results and Discussion {#Sec2}
======================

Microbial community and activity {#Sec3}
--------------------------------

The use of a mixture of mesophiles, which had been collected from the acid mine drainage site of the Zijinshan Copper Mine in Fujian Province of China, may accelerate the dissolution of pyrite due to a strong attachment on the surface of pyrite^[@CR35]^. The high-throughput sequencing method revealed the microbial community used in this experiment (Table [1](#Tab1){ref-type="table"}). The most abundant bacteria were *Acidithiobacillus ferrooxidans*, and also small percentages of *Leptospirillum ferriphilum* and *Acidithiobacillus caldus*. The other detected genera included *Acidiplasma*, *Ferroplasma*, *Acidimicrobium*, *Sulfobacillus* and *Thiomonas* (data not shown). This mixture of acidophiles with high activity for iron and sulfur oxidation ensured the conduction of the leaching experiments.Table 1Composition of enrichment culture used in the leaching experiment analyzed by high-throughput sequencing (Species below 1% are not listed).SpeciesSequence numberPercentage (%)*Acidithiobacillus ferrooxidans*7914880*Leptospirillum ferriphilum*86078*Acidithiobacillus caldus*63057Others23505

The average daily Fe^2+^ oxidation rate roughly reflects bacterial activity. During the 47 leaching days it amounted to 2.9 g/L·day and 2 g/L·day for Krouse medium (pH of 1.55) or MAC medium (pH of 1.55), respectively. These values are much higher than in some other reports^[@CR37]^. Thus, the activity of our culture in the leaching experiments was high.

Leaching experiments with and without microbes {#Sec4}
----------------------------------------------

The rest potential of sulfide minerals is an important electrochemical parameter to judge whether oxidation could occur or not. The rest potential of pyrite is about 650 mV and the value is slightly affected by solution conditions such as pH, presence of iron species, and presence of bacteria^[@CR38]^. In order to understand the role of sessile bacteria (meaning anchored to the pyrite surface) in the leaching process, the solution redox potential was kept below the rest potential of pyrite to exclude the solution conditions that would render the electrochemical process spontaneous by chemical reaction. Before discussing the results in detail, it is necessary to explain, why pyrite coupons rather than pyrite powder with an increased surface area were used. Analysis by AFM, SEM and CLSM requires the use of polished flat surface coupons and the chosen particle size was close to industrial practices in Chile and Zijinshan^[@CR39]^. In order to exclude the effect of the low surface area of pyrite coupons on a reduction of the pyrite-dissolution rate, experiments under non-controlled redox potential were performed with the same kind of pyrite coupons.

In this work, the accumulative percentage for pyrite dissolution was calculated from the summation of the daily increase in the total species (TFe) concentration in solution. Cases with negative values can be attributed to a measurement error in the TFe concentration and to the almost negligible rate of leaching. The redox potential values shown in Fig. [1A--C](#Fig1){ref-type="fig"} were recorded after 24 hours of leaching, indicating that the solution redox potential was held below 650 mV for all leaching experiments with control of potential. As seen in Fig. [1A--C](#Fig1){ref-type="fig"}, after 47 days of leaching the accumulative percentage of pyrite dissolution remained below 3% regardless of the test conditions as long as the solution redox potential was held below 650 mV. Although the bacteria were identified to be highly active with different media of Krouse and MAC, the pyrite was hardly oxidized at the redox potential below 650 mV.Figure 1Pyrite dissolution and redox potential as a function of time. (**A**,**A'**) with/without control of the solution potential in a Krouse medium with an initial pH of 1.55. (**B**,**B'**) with/without control of the solution potential in a MAC medium with an initial pH of 1.55. (**C**,**C'**) control group without bacteria with/without daily change of the media.

The pyrite dissolution and variation of solution potential for the bioleaching control tests are shown in Fig. [1A'--C'](#Fig1){ref-type="fig"}. The dissolution of pyrite coupons started when the solution redox potential approached and then exceeded the rest potential of pyrite at about 650 mV (marked by a dotted line). The test which was carried out at pH of 1.55 with the Krouse medium showed a striking decrease for the lag time with the redox potential quickly increasing to 780 mV at the second day. Afterwards, the redox potential slowly decreased to 710 mV and rose to 850 mV on the 47th day (Fig. [1A'](#Fig1){ref-type="fig"}). A similar trend was observed in the experiment carried out with the MAC medium at an initial pH of 1.55, but the solution potential was lower than that shown in (Fig. [1A'](#Fig1){ref-type="fig"}) and there was no peak in the solution potential during the later stages of leaching. The variation in the redox potentials of the two tests A' and B' may be attributed to the differences in the medium composition. One of the principal conclusions from these results is that oxidation of pyrite was negligible as long as the solution redox potential was kept below the rest potential of pyrite. When the solution redox potential was not controlled, an increased solution redox potential would result in a fast pyrite oxidation.

Surface analysis of the interactions between microorganisms and pyrite {#Sec5}
----------------------------------------------------------------------

The different coverage rates of bacteria on pyrite surfaces for different bioleaching conditions are shown in Fig. [2](#Fig2){ref-type="fig"}. The coverage rate of 75% with a Krouse medium (Fig. [2](#Fig2){ref-type="fig"}, row A) was larger than that with a MAC medium (Fig. [2](#Fig2){ref-type="fig"}, row B). Solution media (Krouse/MAC) with different nutrient composition have an effect on bacterial colonization. Even with a coverage rate of 75%, the dissolution of pyrite was negligible. This result suggests that at a redox potential below 650 mV, bacterial cell adhesion and formation of EPS did not result in pyrite dissolution. Furthermore, it suggests that the iron species concentration in the EPS space might be similar with the one in solution: the iron ions were in the ferrous form or even missing.Figure 2CLSM images of mixed mesophilic microorganisms colonizing pyrite coupons after 47 days bioleaching. Fluorescence of nucleic acid is visible in blue (first column) while lipids are visible in red (second column). An overlap of both epifluorescence images is presented in the third column. The bar represents a distance of 20 µm. Images in rows (**A**) show the coupon after leaching with Krouse medium at a pH of 1.55. Images in row (**B**) are for the coupon leached with MAC medium at a pH of 1.55. Images in (**C**) show the coupon of the control group.

Figure [3](#Fig3){ref-type="fig"} shows the morphology of the pyrite surface and the distribution of cells on the coupons after the leaching process. In comparison to images obtained through AFM analyses, the three-dimensional information of a sample is provided. Interestingly, cells grown in the Krouse medium at pH 1.55 colonizing the pyrite surface were close-packed in one layer, while cells grown in the MAC medium arranged in multi-layers and overlapped with each other. Furthermore, the statistical thickness of the biofilm obtained with cells grown in the MAC medium was greater than that obtained with the Krouse medium. These observations suggest that the structure of the bacterial colonization is strongly influenced by the medium composition. The results and the discussion indicated that the formation of biofilm covered with bacteria regardless of single layer or multi-layer has a negligible effect on pyrite oxidation, if the solution redox potential was maintained below 650 mV.Figure 3AFM images of mixed mesophilic microorganisms colonizing pyrite coupons after 47 days bioleaching. The pyrite coupon leached in Krouse medium at a pH of 1.55 (**A**). The pyrite coupon leached in MAC medium at a pH of 1.55 (**B**). The pyrite coupon of the control group (**C**).

The formation of the cell-sized corrosive pits could be the most important scientific basis to prove the existence of the "contact leaching" process^[@CR31]--[@CR33]^. However, Fig. [4A](#Fig4){ref-type="fig"} shows that the surface of the pyrite coupons was flat. This indicates that despite a large amount of bacterial cells being present on the pyrite surface, bacteria-mediated integral surface corrosion of pyrite is absent. To investigate the points of contact between bacteria and pyrite in detail, a typical single cell attached to the pyrite surface was chosen (Fig. [4C](#Fig4){ref-type="fig"}). Figure [4D](#Fig4){ref-type="fig"} is a magnified image of the square area shown in Fig. [4C](#Fig4){ref-type="fig"}, and from Fig. [4D](#Fig4){ref-type="fig"} the cell was observed to adhere to the pyrite through pili and EPS. In addition, there were no obvious corrosion pits at the contact edge between bacteria and pyrite surface. To further explore the pyrite surface under the biofilm, the biofilm and attached cells were removed using ultrasonication. The result is shown in Fig. [4B](#Fig4){ref-type="fig"}. After the biofilm was removed, most of the mineral surface was found to be flat and so called cell-shaped "pits" were not present. All results confirm that the sessile bacteria could not oxidize pyrite, if the solution redox potential was controlled below 650 mV.Figure 4SEM images of pyrite coupons after 47 days leaching with Krouse medium at a pH of 1.55 (**A**) Macroscopic images of bacteria attached to a pyrite coupon. (**B**) Image of the pyrite surface after removal of the most strongly attached bacterial cells by ultrasonic treatment with 0.5% (w/v) Tween 80 solution. (**C**) Image of an individual cell attached to the pyrite surface. (**D**) Magnified image of the area shown in the square of (**C**). The smaller arrows in (**D**) indicate the locations of the pilis and EPS of a single cell. Scale of magnification shown at the bottom of each image.

This work offers useful information for controlling acidity generated during heap bioleaching. The solution redox potential is a critical factor that could act as a switch to control pyrite oxidation. In a real-life mining situation, the redox potential in a pregnant leach solution (PLS) and at ore surface are strongly affected by microbial activity and quantity. Another result of this work (data not shown in this paper) certified that microbial colonization of pyrite was found to be greatly inhibited beyond a certain acidic pH (1.55). This is in agreement with the industrial practice of Zijinshan mine, where the pH of the PLS is found to be 0.92, and in these highly acidic systems bacterial concentrations are reduced to 10^4^ cells/mL^[@CR40]^. According to the results and the discussion above, it is suggested that if the redox potential of the leaching solution is controlled below the rest potential of pyrite, then acid generation from the oxidation of pyrite will be greatly inhibited, and the environmental problem of acid rock drainage will be reduced.

Conclusions {#Sec6}
===========

Bio-oxidation of pyrite in a solution with a redox potential below 650 mV was investigated with a novel method. Under these conditions, and after eliminating the "non-contact chemical attack" present in solution, oxidation (and hence dissolution) of pyrite was negligible although more than 70% of the pyrite surface was covered by bacteria. These results suggest that sessile bacteria are of limited impact on pyrite dissolution, if the redox potential is kept below 650 mV. The flat surface of pyrite observed after removing the biofilm further confirmed that the sessile bacteria and EPS played a limited role in pyrite oxidation, if the solution potential was controlled below 650 mV. For practical applications to reduce discharge of acid mine drainage (AMD), this study suggests that acid generation can be controlled only if the leaching solution redox potential is kept below 650 mV. However, more detailed studies for evaluating the processes that occur at the interface between the bacterial EPS and pyrite should be conducted.

Methods {#Sec7}
=======

Pyrite preparation {#Sec8}
------------------

Pyrite coupons (sized approximately 1 × 1 × 0.3 cm) were cut from natural pyrite crystals purchased from Tongling, Anhui Province of China. The coupons were manually polished using diamond suspensions with grain sizes of 3 µm and 1 µm. The sample coupons were then cleaned with ethanol in an ultrasonic bath and subsequently boiled in 6 N HCl to sterilize and remove bacteria and iron oxides from the mineral surface^[@CR41]^. After treatment with HCl, the coupons were washed with deionized water and dried under N~2~ for 24 h.

Leaching experiments {#Sec9}
--------------------

Leaching experiments were performed in 100 mL Erlenmeyer flasks, each containing 50 mL Krouse or Mackintosh (MAC) medium, a pyrite coupon (≈1.8 g) and an initial cell number of 5 × 10^7^ cells/mL (control experiment without addition of bacteria). The flasks were shaken with 120 rotations per minute (rpm) at 32 °C. The modified Krouse medium contained K~2~HPO~4~ (17 mg/L), MgCl·6H~2~O (102 mg/L), NH~4~Cl (53 mg/L), and the modified MAC medium contained KCl (52.2 mg/L), KH~2~PO~4~ (41 mg/L), MgSO~4~ (49.3 mg/L), CaCl~2~ (6.7 mg/L) and Na~2~MoO~4~·2H~2~O (9.7 mg/L). The pH was adjusted to 1.55 by 98% H~2~SO~4~. These two media were used to ensure a good growth of microbes and minimize the formation of jarosite.

For experiments with a control of the solution potential, in order to keep the solution potential below 650 mV (throughout this paper potentials are quoted with reference to the standard hydrogen electrode, SHE), the initial redox potential of the leaching medium was adjusted to about 600 mV ( ± 5 mV) daily by adding a total iron concentration of 10 g/L consisting of 2.9 g/L of ferric ion and 7.1 g/L ferrous ion. The leaching solution was substituted with fresh medium after 24 h leaching. Thus, the pyrite coupon was continuously immersed in the "low potential" solution. Measurement of solution potential and sampling were completed before solution changing. The experiments without control of solution potential were performed to exclude the effect of low surface area of pyrite coupons on reduction in the pyrite dissolution rate, and further test the effect of solution redox potential on pyrite dissolution. For experiments under non-controlled potential, the experimental conditions were not changed except for the leaching solution volume being 250 mL. Every flask was sampled at days 0, 5, 7, 9, 11, 14, 17, 21, 25, 31, 38 and 47 by removing 1 mL aliquot from the leaching solution rather than changing the solution daily. The solution potentials were recorded at the same time. The control experiments were not inoculated and were conducted under the same conditions except for the initial potential of 650 mV.

After sampling, the TFe and Fe^2+^ concentrations and the total cell numbers were measured. The TFe concentration was measured using inductively coupled plasma-optical emission spectrometry (ICP-OES), and the Fe^2+^ concentration was determined by titration with potassium dichromate^[@CR42]^. The difference between TFe and Fe^2+^ concentrations provides the concentration of Fe^3+^ions. The pH was monitored using a Mettler Toledo SG8 pH electrode. The redox potentials were measured using a FermProbe Pt electrode with an Ag/AgCl reference electrode (3.8 M KCl).

AFM analyses {#Sec10}
------------

Atomic force microscopy (AFM) was used to study the cell morphology and distribution of the cells present on the surface of pyrite coupons. After the leaching process was completed, the pyrite coupons of both biotic and abiotic assays were collected, and air-dried at ambient temperature in a desiccator for 1 h prior to imaging. The AFM analysis of a pyrite coupon surface was performed using a Fastscan Bio Bruker instrument. The silicon cantilever with a free resonance frequency ranged from 90 to 115 kHz and a force constant between 1.08 and 2.03 N/m was chosen for scanning. For AFM imaging, tapping mode was applied. The scan rate ranged from 0.5 to 1 Hz.

Cell staining and CLSM analyses {#Sec11}
-------------------------------

After AFM analysis, the pyrite coupons were rinsed with redistilled water and PBS (pH 7.2 phosphate buffer) solution to further remove planktonic cells and the acidic medium. The biotic and abiotic residual coupons were sequentially stained in the dark for 30 minutes with DAPI solution (0.01%4′, 6-diamidine-2-phenylindole) and Nile Red (NR; Sigma) fluorophores, for the fluorescence detection of EPS (lipids) and genetic material (DNA), respectively. Subsequently, PBS and acetic acid (5% in ethanol) were used for washing and dissolving the DAPI and Nile Red stains, respectively. Thereafter, the stained coupons were mounted on glass slides and observed with a laser scanning module (LSM 710 Carl Zeiss® Jena) using a diode laser at 405 nm and a band-pass filter (410--520 nm) and a He-Nelaser at 543 nm with a 560-nmlong pass filter for acquisition of the fluorophore signal and subsequent surface mapping by light reflection at constant laser energies and detector settings. The microscope was operated with Zen 2010 (Zeiss®) software. Image quantification was carried out with Image J. For quantification of the cell-covered pyrite coupon surface, manually thresholder 8-bitimages images were used^[@CR37]^.

SEM-EDS analyses {#Sec12}
----------------

After 47 days of leaching, the distribution of cells on pyrite surfaces was examined by SEM-EDS (Scanning Electron Microscope-Energy Dispersive Spectrometer). The coupons were fixed with 3% glutaraldehyde in the same PBS solution (pH 7.2 phosphate buffer) at 4 °C overnight. The coupons were then rinsed with PBS and dehydrated by immersion in 50%, 75% and 99% ethanol solutions for 10 minutes each. After dehydration, the coupons were air dried in a fume hood for 2 hours at room temperature. Afterwards, the coupons were coated with platinum by electro-deposition and examined by SEM (JSM-7001, Japan) coupled with EDS (INCAX-MAX) at 15 kV accelerating voltage.

Bacterial cultivation and taxonomic classification {#Sec13}
--------------------------------------------------

The mixed mesophiles used in the bioleaching experiments were obtained from the acid mine drainage site of the Zijinshan Copper Mine in Fujian province of China. For screening the iron-oxidizing bacteria, the enrichment culture was cultivated using 9 K medium, containing 3.0 g/L (NH~4~)~2~SO~4~, 0.1 g/L KCl, 0.5 g/L MgSO~4~·7H~2~O, 0.5 g/L K~2~HPO~4~, 0.01 g/L Ca(NO~3~)~2~ and 44.7 g/L iron (II) sulfate at an initial pH of 1.55 in an orbital incubator-shaker at 31 °C. After several times of subculture and activation, the inocula were harvested in the stationary phase and treated as follows.

The culture solution was filtered through Whatman filter paper (No. 1) to remove precipitates like jarosite. The filtrate containing cells then underwent centrifugation at 9000 rpm for 15 minutes to pellet the cells. After washing the residue twice with sterilized 9 K solution (adjusted to a pH of 1.55 without FeSO~4~·7H~2~O), the cell pellet was re-dispersed with an appropriate amount of 9 K solution to form the inocula. The concentration of cells in the inocula was determined by direct cell counting prior to addition to the flask for the bioleaching experiment.

The solution sample was filtered through a Millipore filter (0.22 μm; 10 mm diameter). The bacteria on the filter papers were then transferred into centrifuge tubes, and centrifuged at 14,000 × g for 10 min to collect the cells. The community DNA was extracted using the FastDNA Spin kit (Bio 101, USA) according to the manufacturers protocol. Primers F515 (5′-GTGCCAGCMGCCGCGGTAA-3′) and R806 (5′-GGACTACVSGGGTATCTAAT-3′) were used to amplify the bacterial and archaeal 16 S rRNA genes V4 hyper variable region^[@CR43]^. The purified PCR products were mixed in equal concentrations and sequenced using Miseq (Illumina, USA) following the manufacturers instructions. Sequences were clustered into operational taxonomic units at a similarity rate of 97% using the furthest neighbor algorithm by ClustalW. Taxonomic classification of each phylotype was determined using the Ribosomal Database Project with a minimum confidence interval of 80%.
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